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ABSTRACT 
The aim of this thesis was to investigate the separate and 
interactive effects of three global change factors: UV-B radiation, 
temperature and nutrient limitations, on both genders of two 
dioecious Salicaceous species: Populus tremula (European aspen) 
and Salix myrsinifolia (dark-leaved willow). A modulated field 
experiment was set up in order to test the effects of elevated 
UV-B and temperature. The effects of nutrients limitation were 
tested in greenhouse conditions. The responses of growth, leaf 
morphological traits, phenolic concentrations and sexual 
reproduction were analyzed and interpreted in the light of life 
history and plant defense theories.  The observed gender 
differences in allocation of resources suggested that males 
prioritized aboveground vegetative growth and might be more 
competitive in light-energy acquisition, while females seemed to 
prioritize nutrients acquisition, chemical defense and UV-B 
protection. The reproductive efforts of dark-leaved willow were 
increased by warming. There was, however, no apparent trade-
off between growth and reproduction, probably because of 
compensatory mechanisms. Furthermore, combined UV-B and 
temperature treatments affected European aspen and dark-
leaved willow in different ways. In aspen, UV-B and 
temperature had opposite effects on growth and allocation to 
phenolics, whereas in willow, UV-B and temperature increased 
these parameters in the same direction. In European aspen 
seedlings, allocation to phenolics varied across groups of 
phenolic compounds: salicylates on the one hand varied as 
predicted by the growth-differentiation balance hypothesis, and 
on the other hand, flavonoids and condensed tannins varied as 
predicted by the protein competition model. In addition, we 
suggest that differences in leaf thickness, expansion and 
phenolics can explain the diverging growth responses of the two 
genera to combined UV-B and temperature treatments. The 
implications of these environmentally-induced changes for the 
organisms associated with these plants were also discussed. 
Warming reduced rust prevalence in both genera and the 
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”As we conquer peak after peak we see in front of us regions full of 
interest and beauty, but we do not see our goal, we do not see the 
horizon: in the distance tower still higher peaks, which will yield to those 
who ascend them still wider prospects, and deepen the feeling, whose 
truth is emphasized by every advance in science, that ’Great are the 
works of the Lord’”- Thomson, J. J. (Science Vol. 27, 1909) 
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1 Introduction  
1.1 CLIMATE CHANGE AND PLANT GROWTH 
Worldwide ecosystems are currently undergoing marked 
changes in response to climate variability. Such changes are 
driven by factors such as temperature, UV-B radiation and CO2. 
Climate model projections predict a 0.3–4°C increase in global 
mean surface temperature by the end of the 21st century (IPCC 
2013), a potential delay in the recovery of stratospheric ozone 
and unpredictable changes in ground level UV-B radiation 
resulting from its possible interactions with other climate 
change factors (Caldwell et al. 2007, Ballaré et al. 2011, Mckenzie 
et al. 2011). The impacts of UV-B on plants have been studied 
extensively due  to the potentially damaging effects it may have 
on proteins, DNA and other macromolecules (for reviews see 
for e.g. Jansen et al. 1998, Jansen 2002, Jenkins 2009, Hideg et al. 
2013). However, only a few studies have considered the 
combined effects of these factors on woody plants (e.g. 
Nybakken et al. 2012, Virjamo et al. 2014).  
The effect of warming on woody plants depends on the 
species-specific optimum temperature for growth and varies 
across functional groups. For temperate and boreal species, 
rising growth temperatures are expected to stimulate tree 
growth to a greater extent in deciduous trees than in evergreens 
(Way & Oren 2010). Similarly, the effect of UV-B on plants is 
contingent on the plants’ degree of acclimation to UV-B and also 
varies across functional groups, with deciduous trees being in 
general more responsive and probably less tolerant to long-term 
UV-B than evergreens (e.g. Day 1993, Tegelberg et al. 2001, 2002, 
Turtola et al. 2006, Sedej & Gaberščik 2008, Nybakken et al. 
2012). Past studies have revealed that a realistic increase in UV-
B causes a slight decrease in the growth of several plant species 
(Searles et al. 2001, Newsham & Robinson 2009, Li et al. 2010). 
15 
 
1 Introduction  
1.1 CLIMATE CHANGE AND PLANT GROWTH 
Worldwide ecosystems are currently undergoing marked 
changes in response to climate variability. Such changes are 
driven by factors such as temperature, UV-B radiation and CO2. 
Climate model projections predict a 0.3–4°C increase in global 
mean surface temperature by the end of the 21st century (IPCC 
2013), a potential delay in the recovery of stratospheric ozone 
and unpredictable changes in ground level UV-B radiation 
resulting from its possible interactions with other climate 
change factors (Caldwell et al. 2007, Ballaré et al. 2011, Mckenzie 
et al. 2011). The impacts of UV-B on plants have been studied 
extensively due  to the potentially damaging effects it may have 
on proteins, DNA and other macromolecules (for reviews see 
for e.g. Jansen et al. 1998, Jansen 2002, Jenkins 2009, Hideg et al. 
2013). However, only a few studies have considered the 
combined effects of these factors on woody plants (e.g. 
Nybakken et al. 2012, Virjamo et al. 2014).  
The effect of warming on woody plants depends on the 
species-specific optimum temperature for growth and varies 
across functional groups. For temperate and boreal species, 
rising growth temperatures are expected to stimulate tree 
growth to a greater extent in deciduous trees than in evergreens 
(Way & Oren 2010). Similarly, the effect of UV-B on plants is 
contingent on the plants’ degree of acclimation to UV-B and also 
varies across functional groups, with deciduous trees being in 
general more responsive and probably less tolerant to long-term 
UV-B than evergreens (e.g. Day 1993, Tegelberg et al. 2001, 2002, 
Turtola et al. 2006, Sedej & Gaberščik 2008, Nybakken et al. 
2012). Past studies have revealed that a realistic increase in UV-
B causes a slight decrease in the growth of several plant species 
(Searles et al. 2001, Newsham & Robinson 2009, Li et al. 2010). 
16 
 
Thus, when considering their separate impacts on plant growth, 
elevated UV-B and global warming appear to influence plants in 
opposite directions. As part of my thesis, I studied the combined 
effects of supplemental UV-B and temperature on the growth 
and the morphological leaf traits underlying such growth in two 
woody plants: Salix myrsinifolia (dark-leaved willow) and 
Populus tremula (European aspen), with a special emphasis on 
gender-related differences (II, III).  
1.2 GLOBAL NUTRIENT LIMITATIONS 
Increase in atmospheric CO2 is expected to have positive effects 
on plant growth due to its stimulating effect on photosynthesis. 
However, such a response might not be sustained over time 
because in the long-term, other resources such as nitrogen will 
eventually become more limiting to growth than CO2  (Reich et 
al. 2006, Millard et al. 2007, Norby et al. 2010). Plant mineral 
nutrients are more important when considering the cumulative 
and accelerating effects of CO2 on nutrient cycling and 
autotrophic respiration, which might contribute to the positive 
effects of CO2 on plant growth (Millard et al. 2007). Thus, the 
effects of climate change on plants are dependent on their 
nutrient use efficiency, the rates of atmospheric deposition and 
the availability of soil nutrients. 
During the last few decades, there has been increasing 
evidence pointing to a preponderant co-limitation between 
nitrogen and phosphorus availability in most terrestrial 
ecosystems (Rastetter & Shaver 1992, Davidson & Howarth 2007, 
Elser et al. 2007, Harpole et al. 2011). Nitrogen and phosphorus 
are essential nutrient elements that enter into the composition of 
nucleic acids, ATPs and various enzymes and thus might limit 
the productivity and functioning of forest ecosystems. Nitrogen 
and phosphorus limitation might inhibit cell division and leaf 
elongation (e.g. Kavanová et al. 2006), restrain plant 
photosynthesis and growth (e.g. Coleman et al. 1998, Zhao & 
Liu 2008, Warren 2011), induce plant phenolics (e.g. Fritz et al. 
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2006, Lillo et al. 2008), modify plant quality for herbivores, 
modify the quality of herbivores for their natural enemies or 
affect plant suitability as a shelter or its ability to provide 
foraging cues to the natural enemies of plant antagonists (e.g. 
Chen et al. 2010). As part of this thesis, I investigated the effects 
of nitrogen and phosphorus availability on the phenolic 
allocation of European aspen seedlings (I).   
1.3 PHENOLIC COMPOUNDS 
Species belonging to the Salicaceae family, such as willows, 
aspens and poplars, are characterized by their high amounts of 
phenolic compounds. In Salicaceous species, these phenolic 
compounds belong in general to a certain type of plant defense 
namely constitutive defense as they are ever present in plants, in 
contrast to inducible defense, which are only activated in the 
presence of damage. Phenolic compounds are secondary 
metabolites ubiquitously present in plants and characterized by 
their chemical structure, which contains at least one phenol 
group (Fig. 1). The presence of such phenol groups gives these 
metabolites UV-B absorbing properties. In higher plants, 
phenolic compounds are synthesized via the phenylpropanoid 
pathway, which primarily uses phenylalanine produced by the 
shikimic acid pathway (Herrmann & Weaver 1999, Maeda & 
Dudareva 2012). The group of UV-B screening phenolics that 
has been characterized in most detail is the “flavonoids”, which 
contain several hydroxyl functional groups attached to their 
ring structures (A, B and C). UV-B induces non-specific genes 
(e.g. PAL, HY5, HYH) as well as transcriptor factors and 
repressors (e.g. MYB12, MYB4), which regulate flavonoid 
biosynthesis (Jenkins 2009, Morales et al. 2010, Cheynier et al. 
2013).  
It has been suggested that, relative to other groups of 
phenolic compounds, some orthodihydroxylated B-ring 
flavonoids, designated as “flavonols” (e.g. quercetin and 
kaempferol, Fig. 1) protect plant DNA more efficiently from the 
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flavonoids, designated as “flavonols” (e.g. quercetin and 
kaempferol, Fig. 1) protect plant DNA more efficiently from the 
18 
 
damaging effects of reactive oxygen species (ROS) caused by 
photo-oxidation (Agati & Tattini 2010, Agati et al. 2012, 2013). 
Most studies concerning the effects of UV-B on deciduous 
northern trees and shrubs have reported an increase in 
concentrations of flavonols and phenolic acids, but also 
sometimes of other phenolic glycosides (Lavola et al. 2000, 2013, 
Tegelberg et al. 2001, 2003, Kotilainen et al. 2009, Morales et al. 
2010, Nybakken et al. 2012). By contrast, past studies have 
shown that warming has negative effect on concentrations of 
phenolic compounds in these species (Veteli et al. 2002, 
Paajanen et al. 2011, Nybakken et al. 2012, Lavola et al. 2013). 
An important part of my thesis is the study of possible 
interactive effects of elevated temperature and UV-B on the 
phenolic compounds of European aspen and dark-leaved 
willow (II, III).  
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Figure 1. Chemical structure of some phenolic compounds present in European aspen 
and dark-leaved willow.  
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1.4 PLANT DEFENSE THEORIES 
Carbon allocation to phenolic defense is interconnected with 
other physiological processes in plants (Fig. 2), and many 
hypotheses have been formulated in order to explain its 
partitioning (Stamp 2003). The “carbon-nutrient balance” (CNB) 
hypothesis (Bryant et al. 1983) and the “growth-differentiation 
balance” hypothesis (GDB) (Herms & Mattson 1992) are among 
the most widely used hypotheses on plant defense allocation. 
According to the CNB hypothesis, under low nutrient 
availability, the decline in plant growth is in general more 
intense than the decline in photosynthesis, leading to an 
accumulation of carbohydrates and carbon-based phenolics 
(Bryant et al. 1983). The CNB hypothesis has, however, a few 
limitations and lacks mechanistic explanations for the suggested 
trade-off between growth and the production of secondary 
metabolites (Hamilton et al. 2001). This opened the way for the 
formulation of a new hypothesis “the protein competition 
model” (PCM) (Jones & Hartley 1999), predicting similar 
outcomes as those predicted by CNB, except that it is more 
precise in its trade-off currency.  
The PCM suggests a trade-off between proteins and phenolic 
production, which compete for the same precursor: 
phenylalanine (PHE), an amino-acid that is limiting and present 
at low concentrations in plants (Jones & Hartley 1999). The 
proteins committed to growth undergo three major fates: (i) 
non-photosynthetic primary metabolism and cell division which 
are estimated by plant growth rate; (ii) carbon fixation which is 
estimated by leaf photosynthesis; (iii) cellular injury, 
maintenance, and protein-based defenses which are assumed to 
be negligible relative to the two first components in plants that 
are lacking protein-based defenses (Jones & Hartley 1999). Thus 
the PCM takes into account the down-regulation or up-
regulation of photosynthesis and plant growth rate as 
surrogates for changes in growth-related proteins. The relative 
share of PHE between growth-related proteins and phenolic 
production (the two major PHE sinks) is determined by 
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developmental, genetic and environmental factors (Jones & 
Hartley 1999). According to the PCM, a factor that causes a 
decrease in both plant growth and photosynthesis (e.g. nitrogen 
limitation) will decrease the rate of protein synthesis and will 
thus increase the amount of PHE available for phenolic 
production, and vice versa (Jones & Hartley 1999).  
On the other hand, the GDB hypothesis is based on a 
developmental trade-off between tissue growth and 
differentiation processes (e.g. phenolic production). According 
to the GDB hypothesis, growth and differentiation processes 
compete for a limited pool of carbohydrates whose availability 
is estimated by changes in photosynthesis relative to changes in 
plant growth rate. The GDB hypothesis suggests that the trade-
off between growth and secondary metabolites production is 
dynamic and depends on the constraints imposed by 
environmental factors on plant carbon pool.  Therefore, the GDB 
hypothesis predicts different outcomes from the PCM. Under 
high nutrient availability, growth increases more than 
photosynthesis. Thus growth and phenolics will compete for 
limited carbohydrates, leading to a trade-off between growth 
and phenolic production (Herms & Mattson 1992). Moderately 
low resource availability will have little effect on photosynthesis 
but will reduce the growth of sink tissues, thus increasing 
phenolic production (Herms & Mattson 1992, Glynn et al. 2007). 
A nutrient deficiency that is severe enough to reduce 
photosynthesis would reduce both growth and phenolic 
production because under low resource levels, all functions are 
carbon-limited (Glynn et al. 2007). Thus, the GDB hypothesis 
postulates that an environmental resource factor (water, 
nitrogen and light) will influence phenolic allocation to varying 
degrees, depending on sink-limitations and the accumulation of 
carbohydrates in excess of growth requirements (Herms & 
Mattson 1992). 
In fewer words, the PCM and GDB hypothesis are based on 
different currencies, PHE and carbon, respectively. The PCM 
postulates that carbon is generally non-limiting to plants while 
nitrogen (rather than carbon) has a more important influence 
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because of its direct role on the availability of PHE and thus on 
growth rate and phenolic allocation. In contrast, GDB posits that 
carbon (rather than nitrogen) availability have a more direct 
effect on growth and phenolic synthesis whereas nitrogen has 
an indirect role on the pool of carbohydrates in plants. In the 
present thesis, I was also interested in investigating whether 
these two hypotheses could be used to explain the allocation of 
phenolic compounds in European aspen seedlings subjected to 
nutrient limitations (I).  
 
 
 
Figure 2. Simplified diagram showing the connections between photosynthesis, growth 
and phenolic production, as discussed within the framework of the present thesis.  
1.5 SEXUAL DIMORPHISM IN RESOURCE ALLOCATION 
Life-history strategies and resource allocation in plants are 
based on the principle that every organism has a finite amount 
of available resources (nutrients, energy or time), and that the 
vital functions such as growth and survival (e.g. defense and 
reproduction) compete for these limited resources (Bloom et al. 
1985, Delph 1999, Obeso 2002, Fenner & Thompson 2005). It 
follows that resources allocated to one function may lead to a 
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reduction in resources allocated to others, suggesting a “trade-
off” between these life history traits.  
This principle, which looks at plant resources and 
investments from an economic perspective, has been applied to 
the phenomenon of sexual dimorphism in dioecious species. 
The term sexual dimorphism refers to differences in primary 
(floral characteristics) and secondary sex characters 
(morphology, physiology and ecology) observed between 
staminate (hereafter males) and carpellate (hereafter females) 
plants of dioecious species (Meagher 1984, Sakai & Weller 1999). 
Unless an exceptionally high amount of pollen is needed for 
sexual reproduction, reproduction cost should be higher in 
females than in males, since fruit production and seed 
maturation requires more resources than pollen production 
(Lloyd & Webb 1977, Delph 1999). Consequently, males are 
hypothesized to flower earlier in their life and more frequently, 
investing more in vegetative growth and less in chemical 
defense than do females (Dawson & Ehleringer 1993, Ågren et al. 
1999, Delph 1999). In addition to studying the possible effects of 
climate change on resource allocation, it is thus of particular 
importance to study the effect of UV-B and temperature on 
gender differences. 
Natural populations of European aspen are generally male-
biased (Latva-karjanmaa et al. 2003, Myking et al. 2011) while 
Salix populations are female-biased, with a sex ratio of 2:1 
(Crawford & Balfour 1983, Alliende & Harper 1989, Dawson & 
Bliss 1989, Dudley 2006, Ueno et al. 2007, Hughes et al. 2010, 
Myers-Smith & Hik 2012). Several hypotheses have been 
formulated to explain this disproportion of males and females: 
bias in seed populations (Ueno et al. 2007), including early life 
factors affecting seedlings’ establishment (Myers-Smith & Hik 
2012), differences in reproductive efforts and/or post-
reproductive survival abilities (Lloyd & Webb 1977, Delph 1999, 
Barrett & Hough 2012), differences in herbivory (Danell et al. 
1985), pollination and fruit dispersion agents and life forms 
(Sinclair et al. 2012), regeneration niche or habitat differentiation 
in combination with other biotic or abiotic factors (Dormann & 
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Skarpe 2002, Hughes et al. 2010). Despite the lack of consensus 
on the reason underlying such skewed sex ratios, the 
conventional sex allocation theory suggests that in order to 
maximize their fitness and reproductive success, populations 
should favor the sex with lower cost, as reviewed by Sinclair et 
al. (2012). This, however, seems to be a paradox in the female-
biased Salix, and it was in this mindset that I studied the trade-
off between growth and reproduction in dark-leaved willow 
within the context of climate change (III).  
 
1.6 AIMS OF THE THESIS 
The effect of an environmental factor is greatly influenced by the 
availability and the interactive effects of other factors that will 
co-vary with it in plant natural habitat. Global change factors 
will affect plant metabolism and resource allocation, and 
eventually, such changes could have consequences for gender 
balance as well as for plant interaction with other organisms. 
The principal aim of this thesis was to study the separate and 
interactive effects of elevated UV-B radiation and temperature, 
and nutrient limitations on two Salicaceous species: European 
aspen and dark-leaved willow, with implications for sexual 
dimorphism and associated organisms.  
 
I addressed the following questions: 
1. What are the effects of elevated UV-B and temperature on 
European aspen and dark-leaved willow (II, III)?  
2. Do males and females of European aspen and dark-leaved 
willow respond differently to global change factors (I, II, III)? 
3. Is there any trade-off between growth and reproduction in 
dark-leaved willow (III)? 
4. What are the effects of nitrogen and phosphorus limitations 
on the constitutive defense of European aspen seedlings (I)?  
5. Is there any functional relationship between phenolics and 
associated organisms in Salicaceous species (II, III)?  
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2 Materials and methods 
2.1 OVERVIEW OF THE EXPERIMENTS 
The nature and duration of the treatments, the study species and 
the number of individuals, clones and replicates, are 
summarized in Table 1.  
  
Table 1. Summary of the experiments included in this thesis 
 
 
Article  
 
I II III 
Species P. tremula P. tremula S. myrsinifolia 
Nature of the 
treatment 
 
Nitrogen and 
phosphorus 
limitations 
Supplemental 
UV-B and 
temperature  
Supplemental 
UV-B and 
temperature  
Treatment duration 
 
Six weeks 
 
 
One growing 
season (first 
year) 
Three growing 
seasons 
 
Total number of 
individuals 
 
258 
 
 
2160 
 
 
496 
 
Number of replicates 6 6 
 
4 or 5 
 
Number of genotypes 
(clones) 
12 
(6 of each sex) 
12 
(6 of each sex) 
8 
(4 of each sex) 
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2.2 PLANT MATERIALS 
Populus tremula L. (European aspen) and S. myrsinifolia Salisb. 
(dark-leaved willow) belong to the Salicaceae family. 
Salicaceous species produce, mainly in separate individuals, 
male and female flowers grouped in catkins, which appear 
before leaf emergence. After pollination, female flowers develop 
into capsules containing seeds with cottony hairs. European 
aspen is a fast-growing broad-leaved tree, occurring with low 
frequency in the conifer-dominated boreal forests of Finland. 
Although occasionally scattered within old-growth forests, 
individuals of European aspen are mainly pioneers in young 
successional stands developing after fire disturbances or clear-
cutting events (Latva-karjanmaa et al. 2006, Myking et al. 2011). 
European aspen is an important ecosystem component as it is 
home to at least 150 species of specialist birds, fungi, polypores, 
lichens and invertebrates (Kouki et al. 2004). Dark-leaved 
willow is an indigenous fast-growing shrub in Finland, mainly 
found in the central, eastern and southern parts of the country. 
The bark of willows has long been known as a pain reliever and 
has been used as a component in herbal drugs, due to its active 
compound “salicin”, whose synthetic derivative (acetylic 
salicylic acid) was later developed and marketed as Aspirin. The 
phenolic compounds in dark-leaved willow are suggested to 
deter the feeding of mountain hares, moose, voles and other 
generalist herbivores (Palo 1984, Tahvanainen et al. 1985, Stolter 
et al. 2005, Heiska et al. 2008). 
The European aspen plants were trees micropropagated from 
buds sampled from different locations in Eastern and Southern 
Finland (Kaavi 62°N, 28°E, Liperi 62°N, 29°E, Loppi 60°N, 24°E, 
Pieksämäki 62°N, 27°E, Polvijärvi 62°N, 29°E and 62°N, 29°E, 
Kontiolahti 62°N, 29°E). The plants of dark-leaved willow used 
in this thesis were cuttings collected from different locations in 
Eastern Finland (Joensuu and Kaavi areas 62°N, 29°E). The 
samplings were made at distant sites (several tens of kilometers 
apart) to ensure that they are of different genotypes. 
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2.3 MODULATED UV-B AND TEMPERATURE EXPERIMENTS (II, 
III) 
The experimental field is located in the Botanical Garden of 
Joensuu (Finland). We modulated UV-B to a constant increase of 
+31% which corresponds to a 20% decrease in stratospheric 
ozone layer above central Finland and temperature to +2°C 
above ambient conditions, relative to in situ climatic conditions. 
UV-B was monitored using silicon UVB Sensor E 1.c sensors 
(Thies Clima, Gottingen, Germany), which has spectral 
sensitivity corresponding to the erythema-curve and the 
temperature using Pt1000 temperature sensors. The seedlings of 
S. myrsinifolia (in 2009) and P. tremula (in 2012) were randomly 
assigned to the following treatments and treatment 
combinations (with six replicates each): control, supplemental 
UV-A, supplemental UV-B, elevated temperature (T), UVA+T, 
UVB+T. UV-B and UV-A were enhanced by using six UV-
fluorescent lamps (UVB-313, Q-Panel, Cleveland, OH, USA) 
wrapped in cellulose diacetate and polyester films, respectively 
in each treatment plot. Increased temperature was achieved 
throughout the day and night by using two infrared heaters 
(CIR 105, FRICO, Partille, Sweden) placed in the center of each 
treatment plot. In control plots, unenergized lamps and wooden 
boards were used in order to mimic the same shading as in the 
treated plots.  
2.4 FERTILIZATION EXPERIMENT (I) 
The fertilization experiment was carried out in a greenhouse in 
Joensuu (Finland) with European aspen seedlings. It consisted 
of a full factorial design experiment with two levels of nitrogen 
and two levels of phosphorus, the other nutrients being kept at 
the same level for each treatment and treatment combination: 
Optimum Phosphorus and Optimum Nitrogen (OP, ON), 
Optimum Phosphorus and Low Nitrogen (OP, LN), Low 
Phosphorus and Optimum Nitrogen (LP, ON), and Low 
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Phosphorus and Low Nitrogen (LP, LN). We used trays 
containing twelve individual plants from twelve different 
genotypes as experimental units. The plants were grown in 1 l 
pots filled with peat (70%) and vermiculite (30%), under the 
following conditions: a photosynthetically active radiation of 
145−330 µmol m-2 s-1; a photoperiod of 18 h; a daytime 
temperature of 26−30°C; a night time temperature of 15°C; and 
an air relative humidity of 41−78%. 
2.5 MEASURED VARIABLES (I, II, III) 
2.5.1 Summary of the investigated plant traits 
 
A list of all the measured variables in each article included in 
this thesis is provided in Table 2. 
 
Table 2. Overview of the plant traits investigated in this thesis 
 
Article I II III 
Basal diameter x x x 
Height growth x x x 
Shoot biomass x x x 
Root biomass x   
Leaf area x x x 
Specific leaf area x x x 
Leaf phenolics x x x 
Stem phenolics x   
Root phenolics x   
Foliar nitrogen concentration x x  
Leaf gas exchange x x x 
Chlorophyll content index x x  
Rust intensity  x x 
Insect damage  x  
Endophytes presence  x  
Reproductive efforts   x 
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2.5.2 Analyses of phenolic compounds  
 
Low molecular weight phenolics from dried leaf, twig or root 
samples were extracted with cold methanol following published 
methods (Julkunen-Tiitto & Sorsa 2001, Nybakken et al. 2012). 
The extract was run using high performance liquid 
chromatography (HPLC) with a methanol–water gradient (50:50, 
v/v), after which individual compounds were identified on the 
basis of their retention time, ultraviolet spectra (I, II, II) and 
UHPLC-DAD equipped with Q-TOF/MS (I). The concentrations 
of each individual compound were calculated on the basis of 
available commercial standards. Methanol-soluble and insoluble 
tannins were measured by acid-butanol assay, and their 
concentrations were calculated on the basis of the standard 
curve from purified tannin extracts of European aspen leaves, 
twigs and roots, or S. purpurea leaves for dark-leaved willow 
(Hagerman 2002). 
 
2.5.3 Statistical analyses  
 
The treatment effects on growth (I, II, III), chemistry (I, II, III) 
and sexual reproduction (III) were tested using linear mixed 
effects models in IBM® SPSS® Statistics 19 (Armonk, NY, USA). 
The analyses of insect damage (II) and rust infection (II, III) were 
carried out using R ver. 3.0.2 (R Core Team, 2013), using ‘lme4’ 
and ‘ordinal’ packages, respectively (Bates et al. 2013, 
Christensen 2013).  
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3 Results and discussion 
3.1 RESPONSES TO SUPPLEMENTAL UV-B AND TEMPERATURE  
In the present thesis, I investigated the long-term response of 
dark-leaved willow and the short-term response of European 
aspen seedlings to combined UV-B and temperature treatments 
(II, III). As regards growth, elevated temperature and 
supplemental UV-B had an overall positive and additive effect 
on height, diameter, leaf expansion and aboveground biomass, 
particularly in females of dark-leaved willow (III). The opposite 
was found in European aspen, in which UV-B partially 
counteracted the beneficial effect that warming had on height, 
diameter and shoot biomass (II). As regards phenolics, elevated 
temperature facilitated the UV-B-induced accumulation of leaf 
flavonoids, salicylates and condensed tannins, particularly in 
females of dark-leaved willow (III). European aspen reacted 
differently, as warming reduced the positive effect of UV-B on 
the accumulation of leaf major salicylates (salicortin and 
tremulacin), condensed tannins and concentrations of leaf 
flavonoids (II).  
The divergent responses of the two genera might be 
explained by different developmental stages, treatment 
durations, physiology or growth forms. I found some evidences 
of increasing acclimation to elevated temperature as dark-leaved 
willow become more mature. In fact, warming reduced leaf 
phenolic glycoside and condensed tannin concentrations during 
the first growing season but this negative effect was less 
pronounced during the second growing season (Nybakken et al. 
2012). During the third year, the effect of warming on phenolic 
concentrations became non- significant (III). Nonetheless, such 
acclimation, and thus treatment duration does not appear to 
account for the aforementioned differences between genera. In 
fact, even during the two first growing seasons, elevated UV-B 
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and temperature additively enhanced leaf and shoot biomass in 
dark-leaved willow (Nybakken et al. 2012), suggesting that the 
additive and positive effect that elevated UV-B and temperature 
had on growth was not due to developmental factors but was 
probably a result  of different sensitivities to environmental 
factors. 
European aspen and dark-leaved willow did not differ in 
their response to warming, which significantly increased leaf 
area and shoot biomass in both genera (II, III). They did, 
however, differ in their response to UVB+T. When combined 
with UV-B, elevated temperature significantly increased leaf 
thickness in European aspen seedlings, whereas warming alone 
led to a decrease in leaf thickness (II). The increase in leaf 
thickness might reduce UV-B penetration to the leaf’s inner 
layers and thus prevent damage to the photosynthetic apparatus 
(Day 1993, Antonelli et al. 1998, Hunt & Mcneil 1999, Jansen 
2002), a reaction that was not needed under ambient UV-B and 
temperature (control plots), where leaf thickness was not 
reduced. In dark-leaved willow, UVB+T did not affect leaf 
thickness (III), which might explain why they were not as 
susceptible to UVB+T as European aspen. This kind of structural 
adaptation might also explain why UVB+T had no significant 
negative effects on the photosynthetic rates of European aspen. 
Further studies taking into account the penetration of UV-B 
through the leaves are needed in order to confirm such 
conclusions. Despite such adaptation, however, UVB+T reduced 
aspen stem diameter, height and aboveground biomass (II). 
Given the small effect of UVB+T on photosynthetic rate, this 
decrease in growth is most likely a consequence of the combined 
and negative effects of UVB+T on leaf expansion in European 
aspen (II). 
It has been suggested that the allocation of phenolics in 
willows follows the pattern of the GDB hypothesis (Glynn et al. 
2007). My results support this supposition. In dark-leaved 
willow, both elevated UV-B and temperature had positive 
effects on the accumulation of carbohydrates, thereby increasing 
both growth and phenolic production (III). The contrasting 
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responses of dark-leaved willow and European aspen in terms 
of growth may also have been due to differences in condensed 
tannins accumulation in the UVB+T plots. In fact, warming 
facilitated the overall accumulation of phenolics in dark-leaved 
willow (III), but this was not the case in European aspen, in 
which warming offset the UVB-induced accumulation of 
condensed tannins in the UVB+T plots (II). The production of 
condensed tannins, which would protect plants against 
photodamage (Close & McArthur 2002, Mellway & Constabel 
2009) may therefore have contributed to the differences between 
dark-leaved willow and aspen in their tolerance to UV-B+T.  
3.2 GENDER-SPECIFIC RESPONSES TO GLOBAL CHANGE 
FACTORS 
The second aim of my thesis was to investigate gender-related 
differences in resource allocation to growth and constitutive 
defense in response to global change factors. In field-grown 
dark-leaved willow, males were taller and had thicker stems 
than did females, except under UV-B (III). In greenhouse- and 
field-grown European aspen, males were again taller with larger 
leaf area, and in the greenhouse, they had higher total biomass 
than did females (I, II). Subsequently, under an ample supply of 
mineral nutrients and under ambient conditions of UV and 
temperature, males can be considered as being more growth- 
oriented than females in terms of shoot biomass.  
Nonetheless, females of dark-leaved willow had larger leaf 
area, and it increased more in response to warming than in 
males (III). Similarly, based on their biomass, females responded 
more positively to warming when compared to males in field-
grown European aspen (II), which suggests that temperature is 
more limiting to females than to males. In addition, under UV-B, 
females accumulated more phenolics, particularly flavonols, 
than did males (II, III). In dark-leaved willow, the negative effect 
of UV-B on the growth and leaf thickness of male plants 
suggests a lower UV-B tolerance when compared to that of 
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females (III). Such gender differences in response to UV-B and 
temperature enhancements provide circumstantial evidence that 
differences in tolerance to environmental factors might be one of 
the underlying factors contributing to biased sex ratios. Under 
limited nitrogen and phosphorus, females shifted their biomass 
allocation to roots and prioritized allocation to leaf and stem 
flavonoids, and condensed tannins, rather than to aboveground 
vegetative growth, whereas males favored aboveground 
vegetative growth (I). This implies that males were better 
competitors for light-energy acquisition, while females were 
better competitors for belowground resources, such as water 
and mineral nutrient acquisition.  
Males and females of European aspen and dark-leaved 
willow differed in their individual phenolic compounds. 
Interestingly, females contained more chlorogenic acids and 
their derivatives than did males, in both willows and aspens (I, 
II, III). Since chlorogenic acids have been identified previously 
as chemical defenses against insect herbivores (Izaguirre et al. 
2003, 2007, Leiss et al. 2009), this provides evidence that females 
might be more defense-biased than males. Moreover, it is 
suggested that chlorogenic acids act as intermediate storage 
compounds in the flavonoid pathway and thus their higher 
concentrations in females implies that they are contingent on 
induced (rather than constitutive) defense, meaning that the 
synthesis of phenolic compounds might occasionally be 
triggered by external factors (III, Nybakken et al. 2012). I also 
found few indications that if UV-B increases in the future, 
females might be more tolerant than males to generalist 
herbivores. For instance, in field-grown aspen, UV-B increased 
tremulacin in females only (II), and in field-grown willow, UV-B 
increased salicortin in females only (III), resulting in statistically 
significant UV × sex interactions. Tremulacin and salicortin are 
the most abundant and active chemical defense against 
generalist herbivores in willows and aspens.  
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3.3 TRADE-OFF BETWEEN GROWTH AND SEXUAL 
REPRODUCTION IN WILLOWS 
In the third growing season, the abundant flowering of S. 
myrsinifolia plants enabled me to investigate the trade-off 
between growth, chemical defense and sexual reproduction. 
Previous studies have reported that females invest more in 
reproduction than do males (Lloyd & Webb 1977, Delph 1999, 
Obeso 2002). This higher investment might incur costs in other 
competing activities, such as growth and chemical defense. I 
tested the correlation between growth, allocation to phenolics 
and reproduction cost in terms of biomass, but I found no 
apparent trade-off between these life history traits (III). Shoot 
biomass correlated fairly positively with the number of catkins 
produced, implying a size-dependent reproductive effort (III). 
The failure to detect a trade-off of this kind mirrored the 
minimal gender-related differences regarding the growth of 
dark-leaved willows, as differences in growth and chemical 
traits are suggested consequences of distinct reproduction costs. 
In fact, Delph (1999) hypothesized that when the two genders 
have equal reproductive costs, no differences in life-history 
traits occur, but when one gender has higher reproductive costs 
then this will result in allocation trade-offs with other life 
history traits.  
The absence of an apparent trade-off between growth and 
reproduction is in line with the sex ratio theory, which stipulates 
that in dioecious populations, the gender that is less expensive 
is favored. In female-biased willows, females are presumably 
favored because of certain compensatory mechanisms that offset 
their higher reproductive costs. Among the possible 
compensatory mechanisms could be a higher photosynthetic 
rate, an increased allocation to photosynthetic organs (e.g. Ueno 
& Seiwa 2003, Ueno et al. 2007) or nutrient resorption after 
flower/fruit production etc. In my experiment with dark-leaved 
willow, no significant gender differences in photosynthetic rate 
were found, but interestingly, females had 21-42% larger leaf 
area than did males (III). Moreover, warming increased biomass 
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allocation to reproductive structures, and the temperature-
induced increase in leaf area was greater in females than in 
males in the second and third growing seasons (III, Nybakken et 
al. 2012). Given that leaf thickness and leaf biomass did not 
differ significantly between the genders, larger leaf area should 
enhance photosynthate production and might therefore 
compensate for the higher reproduction cost in females. This 
might explain why, even when warming improved 
reproduction, there was still no reduction in the biomass growth 
of females.  
3.4 NEW INSIGHTS INTO THE ALLOCATION PATTERN OF 
CONSTITUTIVE PHENOLICS IN EUROPEAN ASPEN 
SEEDLINGS 
I investigated the separate and combined effects of nitrogen and 
phosphorus limitations on the allocation pattern of constitutive 
phenolics in European aspen seedlings and their implications 
for sex-related differences (I). I found that allocation to salicylate 
appeared to match the outcomes predicted by the GDB 
hypothesis, whereas that of flavonoids and condensed tannins 
followed the PCM (I). Under optimum nitrogen and phosphorus, 
as predicted by the GDB, there was a surplus of carbon between 
growth requirements and photosynthesis, allowing the 
production of salicylates (I). However, the syntheses of 
flavonoids and condensed tannins, which are more expensive to 
produce (Gershenzon 1994), was reduced, probably due to the 
higher growth protein requirements and thus lower PHE 
availability, which is consistent with PCM hypothesis (I).  
On the other hand, as predicted by GDB, nitrogen limitation 
was severe enough to reduce both photosynthesis and growth, 
leading to a concomitant decrease in the availability of 
carbohydrates for the production of phenolics (I). However, this 
decrease in growth and salicylate production increased PHE 
availability. In fact, under nutrient shortage, phenolics can still 
be produced by deamination of PHE which is the first step in 
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their biosynthesis (Jones & Hartley 1999). This deaminated PHE 
cannot be directly incorporated into growth-related proteins 
(Jones & Hartley 1999). Moreover, protein synthesis is also 
limited by the availability of other amino acids that need 
nitrogen, thereby increasing the likelihood of PHE being 
incorporated into phenolics rather than proteins. In other terms, 
the production of salicylates which required less carbohydrates 
and PHE than the production of flavonoids could occur in 
parallel with growth, but an increase in the production of 
expensive flavonoids and condensed tannins was not possible 
unless growth processes and salicylate production were reduced 
(e.g. under severe mineral nutrient limitation). 
Also, there was a trade-off between the production of 
salicylates on the one hand and that of flavonoids and 
condensed tannins on the other (I), a trade-off that was also 
reported in P. tremuloides (Donaldson et al. 2006, Kosonen et al. 
2012). Due to this trade-off, the likelihood of PHE being 
incorporated into flavonoids and condensed tannins was 
increased at the expense of salicylates, which were already 
limited by the availability of carbohydrates. Consequently, the 
production of flavonoids and condensed tannins might be more 
limited by PHE availability than salicylate production, which 
was seemingly more contingent on carbohydrates accumulation 
and plant growth rate. 
The discrepancy between the responses of flavonoid-derived 
condensed tannins and salicylates to nutrient limitation might 
be related to their partially distinct metabolic pathways and/or 
their biosynthetic costs. These results were consistent with 
organ-specific distribution of salicylates, with roots growing 
more and having more access to carbohydrates when the 
growth of aboveground plant parts was reduced by nutrient 
limitation and thus salicylate distribution was less sensitive to 
nutrient limitation, whereas leaf and stem salicylates were both 
reduced by nutrient limitations (I). These findings also support 
the existence of sex-related differences in the carbon allocation 
patterns of European aspen seedlings. In fact, under limited 
mineral nutrients, females with inherently slow growth 
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rate/lower growth requirements invested less PHE in proteins 
and thus were able to accumulate more flavonoids and 
condensed tannins than did fast-growing males (I). Lastly, these 
results are in agreement with previous studies on P. tremuloides, 
in which salicylate concentrations are determined genetically 
and thus specific to genotype and more growth-dependent, 
while those of condensed tannins are claimed to be more 
sensitive to environment (Osier & Lindroth 2001, 2006).  
3.5 CLIMATE CHANGE AND PLANT INTERACTIONS WITH 
ASSOCIATED ORGANISMS 
In nature, apart from abiotic factors, plants are also constantly 
exposed to various biotic factors, such as herbivores and 
microorganisms. In this last part of my thesis, I have focused on 
the UV-B- and temperature-induced changes in aspen 
interaction with naturally occurring insects, rust disease and 
fungal endophytes (II). The effect of climate change on rust 
prevalence in dark-leaved willow was also investigated (III). A 
background summary concerning plant interactions with insects, 
rust pathogens and fungal endophytes is included in the 
introductory section of manuscript II.  
Interestingly, slow-growing aspen clones with less salicylate 
were more severely infected by rust fungi than were fast-
growing ones (II). This is in line with studies on P. trichocarpa × 
deltoides (Miranda et al. 2007), but they found that plants 
infected by rust fungi produced more condensed tannins 
(instead of salicylates) than did non-infected ones. Therefore, 
higher salicylate concentration might explain the resistance of 
fast growing aspen clones to rust fungi. This does not, however, 
explain the negative effect of warming on rust prevalence. In 
both willows and aspens, warming decreased the incidences of 
rust disease and the concentrations of phenolic compounds (II, 
III, Nybakken et al. 2012). Thus, plant growth may also 
determine plant susceptibility to rust disease or rust disease 
may have reduced plant growth. Likewise, warming reduced 
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both the relative abundance of endophytic morphs that 
harbored aspen leaves and condensed tannin concentration (II), 
while higher condensed tannin concentrations were associated 
with lower abundance of endophytic fungi in P. fremontii (Bailey 
et al. 2005). Therefore, in my study, phenolic concentration may 
not have mediated the negative effect of warming on the relative 
abundance of fungal endophytes. 
UV-B and temperature treatments had no statistically 
significant effects on the probability of insect damage in 
European aspen seedlings. However, slow-growing clones, 
which contained less salicylates were more prone to insect 
damage than were fast-growing ones (II). While salicylates may 
determine the host preference and oviposition of some specialist 
herbivores, they may also deter generalist herbivores (Boeckler 
et al. 2011), which were probably more abundant in the field 
than were the specialists. In addition, the higher leaf nitrogen 
concentration of slow-growing clones may also have 
contributed to the incidence of herbivore damage, since nitrogen 
is often limiting to insects.   
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4 Main findings and 
concluding remarks  
Despite their sessile lifestyle, plants have amazing capabilities of 
acclimating their physiology, morphology and growth in 
response to environmental conditions. Under varying 
environmental conditions, resources are optimally allocated 
among competing processes in order to maximize individual 
fitness and productivity, resulting in plant acclimation. Natural 
genetic variation in plant populations may, however, have 
confounding effects on the patterns of resource allocation. The 
use of genetically identical plantlets (within clones) facilitated 
our interpretation of the effects of elevated UV-B and 
temperature, and mineral nutrient limitations from the resource 
allocation perspective. In addition, due to their gender 
differences in reproductive investments, growth and chemical 
allocation, dioecious plants represent good models for studying 
trade-offs between life history traits.  
 
To conclude: 
 As evidenced from European aspen and dark-leaved 
willow, climate change factors may have additive or 
counteractive effects on plant growth, physiology and 
secondary metabolism, depending on plant species.  
 The differential responses of genders to global change 
that we demonstrated could result in different 
competitive abilities in males and females of dioecious 
plant species. Thus, there is a potential effect of global 
change on altered sex ratios, and this merits further 
research.  
 Within- and between-plant variations in different groups 
of phenolics were consistent with the main hypotheses 
proposed to explain their distribution, highlighting the 
41 
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complementarities of plant defense theories in 
explaining allocation to constitutive phenolics. 
 The genera-, gender- and genotype-specific responses of 
Salicaceous species to multiple global change factors 
may extend to plant-insect and plant-fungi interactions. 
This accentuates the importance of implementing 
realistic and multifactor experiments and taking into 
account genetic variations when predicting plant 
responses to global change.    
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Global change and sexual 
dimorphism in two 
Salicaceous species
Case of Populus tremula L. and Salix myrsinifolia Salisb. 
Due to their various ecological 
roles, Populus tremula L. and Salix 
myrsinifolia Salisb. are important 
components of northern terrestrial 
ecosystems. This thesis provides 
new insights into our current 
understanding of sexual dimorphism 
and plant resource allocation under 
conditions of global change, with 
implications for the associated 
organisms in Salicaceous species. 
This knowledge will be useful to our 
understanding of the effects of climate 
change on ecosystem dynamics, 
balance and regulation.
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